Fenvalerate (Fen), a synthetic pyrethroid insecticide, has been shown to have adverse effects on male reproductive system. Thus, the aim of the present study was to elucidate whether these adverse effects are passed from exposed male mice to their offspring. Adult male mice received Fen (10 mg/kg) daily for 30 days and mated with untreated females to produce offspring. Fenvalerate significantly changed the methylation status of angiotensin I-converting enzyme (Ace), forkhead box O3 (Foxo3a), huntingtinassociated protein 1 (Hap1), nuclear receptor subfamily 3 (Nr3c2), promyelocytic leukemia (Pml), and Prostaglandin F2 receptor negative regulator (Ptgfrn) genes in paternal mice sperm genomic DNA. Further, Fen significantly increased sperm abnormalities; serum testosterone and estradiol-17ß level in adult male (F0) and their male offspring (F1). Further, paternal Fen treatment significantly increased the length of estrous cycle, serum estradiol-17ß concentration in estrus, and progesterone levels in diestrus in female offspring (F1). These findings suggest that adverse effects of paternal Fen exposure on reproductive functions can be seen not only in treated males (F0) but also in their offsprings.
Introduction
Pyrethroids are synthetic organic insecticides that are extensively used to mitigate household insects. People are exposed to pyrethroids by inhalation while spraying in fields or household, handling and packaging of these insecticides, or through contaminated water and food. Fenvalerate (Fen) is one of the most common pyrethroids widely used in agriculture and household.
Studies in mice and rats indicated that Fen attenuates the testis weight, epididymal sperm counts, sperm motility, 1,2 changes the activity of testicular enzymes, and alters serum levels of luteinizing hormone (LH), follicle-stimulating hormone (FSH), testosterone (T), and estradiol 17b (E 2 ). [3] [4] [5] Moreover, occupational Fen exposure (Fen concentration in the air ¼ 21.55 Â 10 À4 mg/m 3 ) was associated with poor sperm quality and sperm DNA damage in male workers. 6, 7 These studies indicate that Fen can act as a potential endocrine disruptor and has an adverse influence on reproductive function. The elucidation of the mechanisms involved, however, need further investigations. Hershberger and uterotrophic assays indicated that Fen does not have any significant estrogenic or antiestrogenic activity. 8 But studies on human breast and endometrial carcinoma cell lines suggested that Fen can exert estrogenic activities. It increased alkaline phosphatase activity in Ishikawa Var-I human endometrial cancer cells and enhanced pS2 messenger RNA (mRNA) expression and cell proliferation in human breast carcinoma cell line MCF-7 cells. [9] [10] [11] On the other hand, studies on mouse Leydig tumor cells suggested that Fen might inhibit progesterone (P) production by attenuating cyclic adenosine monophosphate generation and inhibiting steroidogenic acute regulatory (StAR) gene expression and the activity of testicular cytochrome P450 side chain cleavage (P450scc). 12 In recent years, there has been increasing concern about the effects of environmental pollutants. During a critical developmental period, such as gametogenesis and/or early embryogenesis, exposure to xenobiotics and environmental pollutants can induce an altered phenotype. Such alterations can last for a lifetime and can even be manifested in subsequent generations. Epigenetic modification involves histone acetylation, histone methylation, and DNA methylation. 13 DNA methylation is a major epigenetic modification of the genome, which directs chromatin structure and gene transcription. 14 Transient embryonic exposure to vinclozolin induced an epigenetic state of subfertility and abnormality of spermatogenesis in F1 through F4 generations; the altered DNA methylation state of 2 different genes was observed in the germ line. 15 Several studies indicated that maternal rat exposure to Fen during pregnancy and lactation period caused delay in sexual maturation, reduced sexual behavior in female offspring, 16 and decreased the weight of seminal vesicles and plasma T concentrations in male offspring. 17, 18 Comparable results have been shown in mice. Exposure to Fen during early life, such as the fetal, 19 nursing, 20 pubertal period, or even during early adult life, 21 could irreversibly impair reproductive physiology in adulthood in male mice. However, little is known about the adverse effects of paternal Fen exposure on reproductive function in the offspring.
Thus, in the present study, we hypothesized that Fen, as an endocrine disruptor, has adverse effects on male reproductive function, and such modulation could be transmitted to their offspring. To test this hypothesis, adult male mice were treated with Fen and then bred with untreated female mice. Some aspects of reproductive physiology in paternal mice and their offspring were determined. In addition, the methylation profile of the genomic DNA in paternal mice sperm was determined using Agilent mouse CpG island array to estimate the potential epigenetic effect of Fen exposure.
Methods

Animals
All animal care and use procedures were in accordance with the Guidelines of the Institutional Animal Care and Use Committee of the Institute of Animal Husbandry and Veterinary Sciences, Shanghai Academy of Agricultural Sciences, in compliance with standard international regulations. Eight-week-old male and female (body weight 40.8 + 0.5 g and 34.7 + 0.7 g, respectively) Kunming albino mice (Swiss mice origin) were purchased from the Shanghai Laboratory Animal Center (Chinese Academy of Science, Shanghai, China). Kunming albino mouse is established as laboratory animal in different fields of research such as pharmacology, 22 toxicology, and reproduction. 23 The birth weight of kunming mouse is 1.6 to 1.8 g, age at first estrus is 32 to 35 days, length of estrous cycle is 5to 6 days, length of pregnancy is 19 to 21 days, and litter size is 10 to 12. Animals were kept in individual cages and housed in a room with controlled light (12-hour light/12-hour dark), temperature (22 C-25 C) and relative humidity (55% + 15%). The animals had free access to food (mouse feed were purchased from the Shanghai Laboratory Animal Center) and water. Twenty male mice were randomly divided into 2 groups (F0 male; n ¼ 10 each group). Mice in the treatment group were treated daily with 10 mg/kg Fen (a-cyano-3-phenoxybenzyl 2-(4-chlorophenyl) isovalerate, purity >97.0%, F1428, Sigma Aldrich, Germany). Fenvalerate was dissolved in 0.5 mL sunflower oil and was administered by gavage. The control mice received the same volume of sunflower oil as the vehicle control. The lethal dose 50 (LD50) of Fen in mice is assumed to be 100 to 180 mg/kg. 24 The dose of Fen used in the present study was 10 mg/kg, which amounts 1/10 of LD50 and did not induce overt signs of toxicity in mice but effectively disturbed the reproductive function in mice. 1, 25 Previous studies 1, 21 indicated that 30 days of Fen reduced semen quality and sperm capacity in adult mice. We aimed to study whether the intermediate treatment period of 30 days has any persisting effects.
After 30 days of treatment, each F0 male was mated with an untreated cyclic F0 female for 3 days to breed the first generation (F1). After this mating period, F0 male mice were sacrificed by decapitation. Trunk blood was collected, and the testes were dissected and weighed. The gestational length, litter size as well as the sexual ratio and the birth weight of the offspring per litter were recorded in F0 female mice. Starting on postnatal day 30, all F1 female mice were examined daily for vaginal opening as a sign for initiation of estrous cycle. 26 After at least 3 complete estrous cycles, F1 female mice were sacrificed by decapitation at the stage of estrus or diestrus (between 8:00 and 10:00 hours), trunk blood was collected, and uteri and ovaries were removed and weighed. All F1 male mice were sacrificed by decapitation at the age of 60 days, trunk blood was collected, and epididymis and testes were dissected and weighed.
Sperm Motility and Sperm Abnormality
Sperm motility was examined by using HTM-TOXIVOS sperm motility analyzer (Rat Head Toxicology, version 12.3A, Hamilton-Thorn Research, Massachuttes). In brief, both caudal epididymis from each animal were separated and placed in 3 mL prewarmed M199 medium (Sigma Aldrich, Germany) supplemented with 0.4% bovine serum albumin (Roche Applied Science, Germany) at 37 C. The tissue was minced with scissors and incubated for 5 minutes to allow the sperm to swim up. Suspensions of spermatozoa were loaded into flat 100-mm deep microslides (HTR1099, VitroCom Inc, Mt. Lks, New Jersey) for computer-assisted sperm analysis. The percentage of motile sperm is defined as the number of motile sperm by the total number of sperm Â 100. 27 Sperm morphology was evaluated by a Coomassie brilliant blue (CB) staining technique. Aliquots of sperm suspension were air-dried on glass slides, fixed with 5% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) for 15 minutes, and washed once with PBS. The slides were stained for 5 minutes with aqueous 0.25% CB, R-250 (Amresco, Solon, Ohio) in 10% glacial acetic acid and 25% methanol. The sperm morphology was assessed using the method introduced by Wyrobek and Bruce. 28 According to this method, sperms with abnormal hook, banana-like head, amorphous, fold, and twintailed forms are classified as abnormal, and sperms with no such defects are classified as normal. In all, 500 sperms were scored in each animal at Â400 magnification, and the measurements were repeated 3 times. The percentage of abnormal sperms was calculated for each animal based on 500 sperms being checked, and then the mean percentage and standard error for each group were calculated.
Hormone Measurements
Blood was collected and the serum was separated by centrifugation (1200g, 20 minutes, and 4.0 C) and stored at À20 C for subsequent hormone analysis. Serum levels of T (only in males), E 2 , and P (only in females) were determined by using a commercial enzyme-linked immunoassay (EIA) kit (Cayman Chemical, Ann Arbor, Michigan). The intra-assay coefficients of variability (CV) for T, E 2 , and P were 9.21%, 14.26%, and 8.12%, respectively, and the interassay CV for T, E 2 , and P were 7.91%, 11.28%, and 9.87%, respectively.
CpG Island DNA Methylation Microarrys
Methylation profiling was undertaken to identify Fen-induced gene-specific methylation changes using Agilent Mouse G4811A CpG Island Arrays (Agilent Technologies, Santa Clara), which contain 97 652 probes covering 16 030 CpG islands in mouse genomic DNA. Briefly, sperm DNA was isolated from each paternal mouse (F0) using DNA lysis buffer, and extracted using phenol-chloroform. Genomic DNA of 2 mg from each animal was immunoprecipitated with 20 mg of monoclonal antibody to 5-me-cytosine. The immunoprecipitated DNA was washed, eluted, blunted, and ligated to a universal linker and amplified by polymerase chain reaction (PCR). The enriched DNA from control and Fen-treated mice was labeled with Cy3 and Cy5, respectively. The labeled DNA were combined and hybridized to the array sets according to the manufacturer's instruction. Array was scanned with Agilent G2565BA Microarray Scanner, and data were analyzed with Agilent G4460AA Feature Extraction software v9.3.5. The Cy3 and Cy5 fluorescence intensities were obtained for each hybridized spot. A Cy5/Cy3 signal in excess of 2.0 in CpG island DNA methylation microarray was considered methylation positive. Comparison of the microarray signal ratio (Cy5/Cy3>2.0 or Cy3/Cy5>2.0) is deemed as differential methylation.
Statistical Analysis
All statistical analyses were performed using SPSS 12.0 for Windows. Data variation was explored using Shapiro-Wilk normality test; P value greater than .05 indicates that the data are homogenous in variance. Differences between the control and the treatment group were assessed by t test. Results are presented as mean + standard error of the mean. The level of significance was set at P .05 in all analyses.
Results
In F0 mice, no significant differences in relative weights of testes and sperm motility were observed between Fen-treated and control groups ( Table 1) . The sperm abnormality, however, was significantly increased in Fen-treated group (P .05; Table 1 ). Moreover, the serum T and E 2 concentrations in Fen-treated group were greater (P .05) than in the control group (Figure 1 ). Paternal Fen treatment (F0 males) did not change the gestational length, litter size, and offspring sex ratio (P > .05; Table 2 ). No difference in birth weight was observed between the control F1 and the Fen-treated F1 offspring (P ¼ 1.0; Table 2 ).
The F0 sperm genomic DNA of CpG island methylation status for Fen-treated and control mice was determined. Genes exhibiting >2-fold change as hypermethylation or hypomethylation in the promoter CpG islands caused by Fen exposure were considered in statistical analysis and are summarized in Table 3 . Fen exposure significantly increased (P .01; Table  3 ) the methylation ratio in angiotensin I-converting enzyme (Ace) gene, forkhead box O3 (Foxo3a) gene, nuclear receptor subfamily 3 (Nr3c2) gene, promyelocytic leukemia (Pml) gene, and prostaglandin F2 receptor negative regulator (Ptgfrn) gene. In contrast, Fen treatment significantly (P .01; Table 3 ) decreased the methylation ratio in huntingtin-associated protein 1 (Hap1) gene in F0 males. Thus, among the total 6 genes with changes in promoter CpG island methylation, there are 5 genes (Ace, Foxo3a, Nr3c2, Pml, and Ptgfrn) with hypermethylation of promoter CpG islands, and 1 gene (Hap1) with hypomethylation of promoter CpG island.
As shown in Table 4 , paternal Fen exposure resulted in a significant (P .05) increase in sperm abnormalities in male offspring (F1) but had no obvious effect on the sperm motility. Interestingly, the concentration of T and E 2 in serum was significantly (P .05) increased in paternal Fen-treated male F1 (Figure 2) .
Paternal Fen exposure also affected reproductive function in the female offspring. The estrous cycle was significantly (P .05) longer in paternal Fen-treated F1 than in controls (Table 5) , and the wet weight of the uterus was significantly increased (P .05; Table 5 ) in paternal Fen-treated F1. Paternal Fen treatment did not change the ovarian weight significantly in the offspring ( Table 5) .
Paternal treatment with Fen affected the serum concentrations of hormones in female offspring and changed the patterns of hormone concentration in serum during the estrous cycle. The serum levels of E 2 in paternal Fen-treated F1 female mice were significantly lower than that in F1 control during estrus (P .05), but no difference was observed during diestrus ( Figure 3 ). In control F1, the serum E 2 levels were significantly higher (P .05) in estrus than in diestrus, but no difference between diestrus and estrus was observed in paternal Fentreated F1 (Figure 3 ). Moreover, paternal Fen exposure significantly increased the serum levels of P in female F1 both in estrus (P .05) and in diestrus (P .05). Further, in contrast to the control, there was no difference in serum P levels during different stages of the estrous cycle in paternal Fen-treated F1 (Figure 3 ).
Discussion
The present study confirms that 30 days of 10 mg/kg Fen exposure did not change the absolute and relative weight of testes, but increased the sperm abnormality and the serum E 2 and T levels in adult male mice. Reduction in testis weight and sperm counts was observed in Wistar rat with 20 to 40 mg/kg/d Fen treatment, orally for 30 days. 2 In another experiment, Wistar rats were exposed to 440, 700, or 1300 mg/m 3 Fen by inhalation for 4 hours a day, 5 days a week, or for 3 months, respectively. Only treatment with 1300 mg/m 3 Fen reduced the weight of testes, epididymal sperm counts, sperm motility, and serum testosterone concentration. 3 Daily administration of 60 mg/kg Fen by gavage for 4 weeks significantly decreased the sperm count and the serum T values in male mice. 19 The discrepancies in the effects of Fen on reproductive parameters may, in part, be due to different dosage and the method of administration.
Studies have indicated that Fen treatment can change the level of mRNA and protein of StAR, P450scc, and P450 (17 a) in primary culture of ovarian follicles, 29 granulose cells, 30 testes, 3, 21 and even in the brain. 31 The altering in testicular StAR and P450scc activity levels along with a change in steroid hormone level also has been reported following exposure to other xenobiotics. [32] [33] [34] In males, StAR, P450scc, and cytochrome P450 17-a-hydroxysteroid dehydrogenase (P450 17-a) are key regulators of steriodogenesis. 35 Thus, the increase in serum T and E 2 concentrations in Fen-treated mice could be due to the altering of steroidogenesis. In males, T is important for spermatogenesis. Without T or functional androgen receptors, spermatogenesis does not proceed beyond the meiosis stage, and males are infertile. 36 However, treatment with high doses of T induced destruction of testis tissue and a decrease in spermatogenesis in BALB/c mice. 37 Estrogens are synthesized in the testis, both in Leydig cells and in seminiferous epithelium, and regulate all steps (proliferation, apoptosis, survival, maturation) of spermatogenesis. 38 Exposure of males to estrogen or estrogenic chemicals resulted in decreased semen quality. [39] [40] [41] Such exposure also decreased the testis weight and the diameter of seminferous tubules. [39] [40] [41] [42] Thus, the high concentrations of T and E 2 in Fentreated animals could be one of the causes for the poor sperm quality observed in the present study.
The primary aim of the present study was to test the hypothesis whether paternal Fen exposure has intergenerational effects on the reproductive physiology. Paternal Fen exposure impaired reproductive function in both male and female offsprings (F1). In the male offspring, serum E 2 and T levels as well as sperm abnormalities were significantly increased. In the female offspring, the concentrations of serum E 2 and P levels were modified, and the estrous cycle intervals were prolonged. Further, paternal Fen treatment increased uterus weight in female offspring. Progesterone and E 2 are the prominent regulators of estrous as well as uterine endometrium cycle. 42 The underlying mechanisms by which paternal Fen exposure affects the production of P and E 2 in the female offspring are not known yet. Nevertheless, the altered patterns of serum E 2 and P levels in our study may account for the prolonged estrous cycle.
Paternal exposure to Fen could affect offspring phenotype via different mechanisms. Our genome-scale analyses of CpG island methylation in Fen-treated mouse sperms' DNA identified several genes, including Ace, Foxo3a, Pml, Hap1, Ptgfrn, and Nr3c2 genes, which were differentially methylated. Foxo3a gene and Nr3c2 gene have been shown to be involved in the regulation of reproductive function. Castrillon et al 43 suggested that Foxo3a is involved in the initiation of primordial ovarian follicle growth, oocyte maturation, ovulation, and glucose homeostasis. Foxo3a can also interact with estrogen receptor (ER)-a and ER-b proteins and regulate E 2 -dependent, ER-regulated transcriptional activities. [44] [45] [46] Nr3c2 is involved in mineralocorticoid receptor signaling, a steroid hormonemediated signaling pathway. 47 As yet, other genes, such as Ace, Hap1, Pml, and Ptgfrn gene have not been directly associated with the regulation of reproductive system. But they may interact with reproductive system and influence the reproductive function. Ace plays an important role in the rennin-angiotensin system to maintain the blood pressure level. But testicular Ace expression is testosterone dependent and is expressed only in spermatozoa, and it serves as a marker of the fertilizing ability of the spermatozoa. 48 The Hap1 not only participates in the regulation of neuronal development but also interacts with androgen receptor through its ligand-binding domain in a polyQ length-dependent manner. [49] [50] [51] The Pml gene is generally involved in the regulation of protein phosphorylation, regulation of calcium ion transport into cytosol, and endoplasmic reticulum calcium ion homeostasis. The Pml gene presumably interacts with ER and progesterone receptor. 52 The main action of Ptgfrn is organization of lipid particle. However, Ptgfrn is also expressed by oocytes and plays a complementary role in sperm-egg fusion. 53, 54 Female mice lacking Ptgfrn gene are completely infertile. 55 We did not use any nonarray method, for example quantitaive PCR to qualify the methylation data. Thus, the present study does not supply any information to elucidate the influence of alteration in DNA methylation on the expression of relevant genes in the offspring. However, the abnormal reproductive physiology, which was observed both in male and in female offspring could presumably be a consequent of the changes in the methylation of the paternal sperm genes. Mammalian development is accompanied by 2 major waves of genome-wide demethylation and remethylation, one during germ-cell development and the other after fertilization. 56 The DNA methylation patterns are highly specific in both the testes and the spermatozoa, and they change throughout the course of spermatogenesis. These specialized modifications serve to maximize the efficiency of sperm DNA delivery to the oocyte as well as provide important information to the zygote to ensure proper gene expression and growth. 57 Foxo3a
Forkhead box O3 þ2.5 a 11
Hap1
Huntingtin-associated protein 1 À2.7 a 8
Nr3c2 nuclear receptor subfamily 3 þ2.9 a 9
Pml Promyelocytic leukemia þ2.4 a 3
Ptgfrn Prostaglandin F2 receptor negative regulator þ2.5 a Abbreviations: Fen, fenvalerate; SEM, standard error of the mean. a P .01 versus control, average change refers to the fold increase (þ) and decrease (À) in the amount of signal in Fen-treated mice compared to the sunflower oil-treated (control) mice.
Altered sperm methylation patterns are associated with infertility and transgenerational effects in humans and rodents. 58 Thus, the changes in the methylation status of CpG islands of some genes observed in the present study might have been the cause of the impairment of reproductive function in both the Fen-treated paternal mice and its offspring. Taken together, the present study indicates for the first time that adverse effects of paternal Fen treatment on reproductive function can not only be seen in the treated males (F0) but also in their F1 offspring. Further, we conclude that Fen may interfere with sperm DNA methylation processes and such interactions may be the cause of intergenerational effects on the reproductive function in mice.
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